We have performed a theoretical study of various arrangements of one-dimensional heterostructures composed by bilayers made of nondispersive (A)/dispersive linear (B) materials and illuminated by an obliquely incident electromagnetic wave, which are shown to exhibit a robust bulk-like plasmon-polariton gap for frequencies below the plasma frequency. The origin of this gap stems from the coupling between photonic and plasmonic modes that may be of a magnetic (electric) origin in a transversal electric (traversal magnetic) configuration yielding a plasmon-polariton mode. By substituting the nondispersive linear layer by a nonlinear Kerr layer, we have found that, for frequencies close to the edge of the plasmon-polariton gap, the transmission of a finite superlattice presents a multistable behavior and it switches from very low values to the maximum transparency at particular values of the incident power. At these frequencies, for those singular points where transmission becomes maximum, we find localized plasmon-polariton-gap solitons of various orders depending on the particular value of the incident power. Present results reveal, therefore, new gap plasmon-soliton solutions that are hybrid modes stemming from the resonant coupling between the incoming electromagnetic wave and the plasmonic modes of the dispersive material, leading to the transparency of a stack with nonlinear inclusions.
Wave propagation through one-dimensional (1D) periodic superlattices is characterized by the existence of forbidden frequency bands for which the incident light is completely reflected by the structure. In analogy with electronic band gaps, these so-called Bragg gaps have been widely studied and have their origin attributed to destructive interference. With the advent of metamaterials [1] , that is, artificial media with a negative index of refraction, many phenomena in periodic systems have been reported [2] [3] [4] [5] [6] . In these materials, also known as left-handed materials (LHM), light phase velocity points to the opposite direction of the group velocity, in contrast with right-handed usual materials (RHM). It follows that by studying light propagation in a superlattice whose unit cell is a RHM/LHM bilayer so designed as to have the same optical path in both layers, one finds yet another type of gap known as the zero n gap. The origin of this gap is due to the fact that, in average, the phase acquired in the RHM is exactly delayed in the LHM, so that there is no light propagation [7] [8] [9] [10] [11] [12] .
The remarkable electromagnetic properties of metamaterials are determined by the resonant characteristics of the subwavelength plasmonic resonators that compose them. Therefore, the advent of metamaterials has given a new thrust to plasmonic studies due to its potential applications in wave guiding and sensing. Recently, a new type of gap has been reported, in various arrangements of RHM/LHM bilayers, that is, periodic, quasi-periodic, fractal, and disordered superlattices illuminated by obliquely incident electromagnetic wave [13] [14] [15] . It is shown that the longitudinal electric field component (magnetic) in a TM (TE) configuration, absent at normal incidence, excites longitudinal bulk-like plasmon-polaritons (PPs).
For frequencies below the plasma frequency, the incoming wave and the backward plasmonic wave are exactly out of phase so that they interfere destructively and the propagation of the incoming wave is hindered. This new PP gap may be much wider than the zero-n gap and is due to the appearance of longitudinal bulk-like PP modes of electric (magnetic) nature in a TM (TE) configuration.
The zero-n gap and the PP gap are of a completely different nature. The zero-n gap is located at lower frequencies. In the particular system that we are dealing with here, the zero-n gap opens at f 3.55 GHz, while the PP gap opens around f 5.08 GHz. Moreover, in contrast with the zero-n gap, the PP gap depends critically on the incidence angle, as it stems from the excitation of longitudinal plasmonic modes along propagation. Hence, there must be an electrical or magnetic component of the propagating eletromagnetic field in this direction to observe this gap. It should be noted here that the PP gap has been predicted even for a single bilayer including loss. This is not the case for the zero-n gap, as it can be verified in [16] . Therefore, it should be easier to implement an experiment that provides the evidence for this new gap.
All that has been said above is focused on the linear propagation regime in the sense that the medium responses are independent of the intensity of the incident field. The nonlinear propagation regime should lead to a much more complex response of the medium to the radiation [17] such as multistability properties of the transmission function depending on the incident field intensity. By multistability here, we mean many possible output values for a single input. As expected, studies on layered systems, including nonlinear layers, have been carried out with novel results. For example, introducing RHM nonlinear media in 1D superlattices, by alternating linear/nonlinear media, Bragg-gap soliton solutions have been found, for frequencies at the edge of the linear gap. Soliton-mediated transparency switching, from a state of no transparency at the linear regime to total transparency in the nonlinear regime and also bistability, have been reported [18, 19] . The same system has been investigated in the case of oblique incidence and soliton-like distribution in the layers are obtained due to the excitation of supermodes [20] . Alternate stacks of nonlinear/linear LHM have also reported the existence of a zero-n gap soliton exhibiting different behavior from the Bragg gap soliton: Hedge and Winful [21, 22] have shown that, in the presence of a Kerr nonlinearity, the zero-n gap at the frequency may switch from low transmission to a perfectly transmitting state, forming a nonlinear resonance or gap soliton in the process. Moreover, they suggested that this zero-n gap soliton is essentially omnidirectional, in contrast to the Bragg gap soliton of positive-index periodic structures. Bistable robust behavior and soliton shape preservation have been observed for even relatively high losses [21, 22] .
As it is well known that nonlinear media enhances substantially plasmonic activity, it is a natural question, therefore, to ask about PP-gap soliton solutions and multistability phenomenon at the edge of a PP gap. The nonlinear layers modulate the transmission via an intensity dependent refractive index that introduces a nonlinear phase shift of the wave traveling along the nonlinear layer. Under suitable conditions, plasmonic modes may couple with the incident wave leading to resonant transmission for particular values of the incident wave intensity. It should be noted here that the control of a multistable system should reveal itself quite useful for the development of ultrafast optical switching devices.
Besides multistable transmission behavior, in the following we show the existence of localized waves within the PP band gap, and refer to them as plasmon-polariton gap solitons. To this end, let us begin by considering a finite superlattice of N 32 bilayers periodically composed by nonlinear(A)/linear-LHM layers(B) with the same widths, that is, d A d B 10 mm, and study its transmission properties. The main objective here is to investigate theoretically, for what we believe is the first time, multistability and the existence of longitudinal bulk-like PP soliton formation near the band edge of a PP gap. The multilayer is stacked along the z-axis direction, and it is surrounded by air. We consider the oblique incidence of TE waves polarized along the y-axis direction so that the propagation of the z-dependent amplitude of the electric field is governed by
Here, ϵ and μ are the position-dependent values of the dielectric permittivity and the magnetic permeability, respectively. Moreover, q is the wave-vector component along the x axis, which may be written in terms of the
a constant along the multilayer system is broadly known as the Snell's law.
In the present study, we have used the material properties of the nonlinear layer A and metamaterial layer B as chosen by Hedge and Winful [21, 22] :
where the frequency f is given in GHz and γ accounts for absorptive loss. The calculations presented here have been performed by using a procedure similar to that outlined by Peschel et al. [23] and Trutschel and Lederer [24] . The above equation for the amplitude of the electric field may be solved by matching the general solutions that apply in each layer, i.e., the continuity of both E and 1∕μ dE∕dz. After introducing a dimensionless position ζ ωz∕c, the equation within a homogeneous slab is given by
One may solve the above equation for the layered structures of interest, i.e., alternate linear and nonlinear media, and straightforwardly obtain the transmission coefficient T. One notes that the transfer function will be linear or nonlinear, depending on the nature of the layer. For a nonlinear layer, we use the Runge-Kutta method whereas a linear layer may be treated by the transfer-matrix technique. In this way, it is possible to determine the values of T that correspond to a chosen value of ajE i j 2 , where jE i j is the field amplitude of the incident wave.
We begin by focusing the attention within the frequency region where the linear theory predicts a longitudinal bulk-like PP gap [13, 14] and investigate the switching on the transmission properties by increasing the incident power. We choose an incidence angle of θ π∕24 and plot in Fig. 1 the transmission of an electromagnetic wave in a TE configuration for a frequency band near the lower edge of the PP gap, in the case that a 0 in Eq. (2a). The frequency at which the layer-B magnetic permeability μ B vanishes is f 5.08075 GHz [cf. Eq. (2d)], that is, the frequency around which the PP gap opens up [13, 14] . In order to see whether the power increase should induce transmission switching and multistability, we turn to Fig. 2 , where we have depicted the transmission as a function of increasing power fixing f 5.0662 GHz, where T ≈ 0.0056 for a defocusing nonlinearity, i.e., for a < 0. For this particular frequency, the transmission switches to one at various discrete values of the field intensity, for low as well as for high intensities, i.e., increasing power leads to several transparency points, occurring at values of ajE i j 2 equal to −0.00003, −0.0044, −0.022, −0.064, −0.14, −0.24, and −0.36 [cf. arrows in Fig. 2(a) ]. In particular, higher values of intensity lead not only to bistability, but also to a richer structure with increasing multistable output. As we shall demonstrate, this leads to the conclusion that longitudinal bulk-like PP-gap soliton nonlinear discrete resonant modes are excited within the structure.
Let us then choose those particular states of total transmission in Fig. 2 and plot the corresponding spatial profiles of the normalized electric field in Figs. 3 and 4 . The multistability exhibited in the transmission plot reveals itself in the spatial profiles of the field as multisoliton-like distribution. Thus, beginning from the lowest resonant (T 1) intensity, one finds one-soliton, two-soliton; …; n-soliton like profiles by increasing the power in a discrete manner. Figure 3 shows up to the three-soliton distribution, whereas Fig. 4 displays the four-, five-, six-, and seven-soliton distributions. Therefore, one may conclude that the transmission resonance stems from the resonant excitation of PP-gap soliton modes by the incoming wave.
To consider the impact of absorptive loss [25] on the existence of the PP-plasmon-soliton, we turn to Fig. 5 , where the electric field profile is plotted as a function of distance for two values of γ. A fundamental solitary wave is depicted in Fig. 5 for γ 0 and for γ 10 −5 . We see that, although the soliton shrinks dramatically, its shape is preserved just as a typical dissipative solitary wave. Calculations (not shown here) indicate that, for higher field intensities, the higher-order soliton modes survive against relatively high losses. Nowadays, various groups worldwide [2] [3] [4] [5] [6] are working toward the Fig. 2 ). In (a), (b), and (c) there are one, two, and three stable branches, respectively. development of fabrication techniques that compensate losses in metamaterial media and hence produce more efficient plasmonic media: Inclusion of gain material in the areas of intense local fields of a metamaterial demonstrates that it is possible to produce extremely low loss and active optical negative index materials. Moreover, emerging graphene technology should provide low-loss plasmonic materials appropriate to optical devices and the electronic industry. We do believe, therefore, that the present proposed PP-gap soliton induced transparency could be observed in such 1D Kerr-metamaterial superlattices in the near future, as experimental techniques improve so as to cope with the problem of losses.
To conclude, we have presented PP-gap soliton solutions produced by the oblique incidence of an electromagnetic field onto a finite superlattice composed of Kerr-metamaterial bilayers. For frequencies close to the edge of a PP gap, we find PP-induced transparency in the sense that the transparency of the nonlinear stack is induced by the excitation of resonant nonlinear PP-gap soliton modes, i.e., hybrid modes stemming from the coupling between the incoming wave and the plasmonic modes. Finally, we note that the control of the coupling between light and plasmonic modes should find many applications in a wide range of fields, such as sensing, medicine, biophotonics, chemistry, and, most of all, in the area of optical communications, where plasmonic technology holds a promising future.
